The litterfall is the major organic material deposited in soil of Brazilian Caatinga biome, thus providing the ideal conditions for plant biomass-degrading microorganisms to thrive. Herein, the phylogenetic composition and lignocellulose-degrading capacity have been explored for the first time from a fosmid library dataset of Caatinga soil by sequence-based screening. A complex bacterial community dominated by Proteobacteria and Actinobacteria was unraveled. SEED subsystems-based annotations revealed a broad range of genes assigned to carbohydrate and aromatic compounds metabolism, indicating microbial ability to utilize plant-derived material. CAZy-based annotation identified 7275 genes encoding 37 glycoside hydrolases (GHs) families related to hydrolysis of cellulose, hemicellulose, oligosaccharides and other lignin-modifying enzymes. Taxonomic affiliation of genes showed high genetic potential of the phylum Acidobacteria for hemicellulose degradation, whereas Actinobacteria members appear to play an important role in celullose hydrolysis. Additionally, comparative analyses revealed greater GHs profile similarity among soils as compared to the digestive tract of animals capable of digesting plant biomass, particularly in the hemicellulases content. Combined results suggest a complex synergistic interaction of community members required for biomass degradation into fermentable sugars. This large repertoire of lignocellulolytic enzymes opens perspectives for mining potential candidates of biochemical catalysts for biofuels production from renewable resources and other environmental applications.
INTRODUCTION
Exclusive to Brazil, the understudied Caatinga biome is one of the most populous and biologically diverse semiarid regions in the world, with high levels of endemism (Leal et al. 2005; Santos et al. 2011) . It is located in the Northeast of Brazil and covers 10% of the national territory, an area of ∼900 000 km 2 surrounded by the mesic regions of Atlantic Forest to the west and Cerrado savannas to the south (Santos et al. 2011) . The biodiversity of this ecosystem remains underestimated and poorly protected (<1% of protected area coverage). Furthermore, inappropriate land use has already caused serious environmental damage and accelerated desertification (Leal et al. 2005) . The Caatinga vegetation consists of tropical dry forest mainly composed of mosaic of thorny trees and shrubs with xerophytic survival characteristics, such as long spines to reduce water loss and succulent tissues for water storage (Da Costa, de Araújo and Lima-Verde 2007) . During the dry season various plants completely lose all the leaves, forming a dense litter layer on the ground which constitutes the largest input of organic carbon into soil as a primary nutrition source (Salgado et al. 2015) . In nature, the complex enzymatic processes required to efficiently deconstruct recalcitrant plant biomass to fermentable sugars are resultant of a strong synergy of multiple microbial species producing a variety of enzymes (Himmel et al. 2010; Wongwilaiwarin et al. 2010; Scarf et al. 2011; Štursová et al. 2012; Mhuantong et al. 2015; López-Mondéjar et al. 2016) . The combined hydrolysis and oxidation of the plant cell-wall-derived polymers (i.e. cellulose, hemicellulose and lignin) is an important part in the global carbon cycle on terrestrial ecosystems (Houghton, Hall and Goetz 2009; Austin and Ballaré 2010) . In recent years, the utilization of lignocellulosic biomass derived from renewable plant material has been recognized as a promising and sustainable energy source of mixed sugars for biofuels production via microbial fermentation and other environmentally friendly technologies (Pauly and Keegstra 2010; Sweeney and Xu 2012; Burton and Fincher 2014) . Then, the habitats where lignocellulosic biomass is naturally processed by indigenous microbial communities seem attractive sources to discover novel plant biomass-degrading organisms and enzymes displaying desired characteristics of stability and efficacy required for industrial processes and white biotechnology. However, 95%-99.9% of microorganisms in nature are not culturable by standard laboratory techniques, limiting the potential for discovering novel biocatalysts from environmental samples (Amann et al. 1990; Epstein 2009 ). Using metagenomics-based approaches, the genetic material recovered directly from environmental samples can be assessed and explored without the need to cultivate microbial cells (Daniel 2005; Lorenz and Eck 2005) . This approach has improved the development of the field of bioenergy through prospection of novel biomass conversion enzymes, such as glycosyl hydrolases (GHs), from microbial communities of habitats with high turnover rates of recalcitrant biomass (Li et al. 2009; Xing, Zhang and Huang 2012) . Due to the large input of vegetal organic matter from the falling leaves, uncultivated microorganisms from Caatinga semiarid soil can provide a unique genetic resource for the discovery of novel thermophilic plant cell-walldegrading enzymes used in biofuel production. Hence, in this study, high-throughput metagenomic sequencing approach was applied to unravel for the first time (i) the phylogenetic composition and genetic potential for mining novel lignocellulosedegrading enzymes from a metagenomic library of Caatinga soil, and (ii) the biodegradative capacity of the individual members of Caatinga soil microbial community for utilizing plant biomass substrates. The Carbohydrate-Active enZymes (CAZy) and laccases and related multicopper oxidases (MCOs) engineering database (LccED) were used to fully explore the large repertoire of microbes and putative genes involved in the plant polysaccharide and lignin decomposition within the Caatinga soil metagenome and in several reported metagenomic datasets from different ecological niches.
Overall, this work provides a comprehensive scanning of the lignocellulose digestion capabilities of the microbiota in a natural ecosystem with high biomass turnover, opening up possibilities for further ecological and biotechnological studies aiming to unveil the mechanism by which resident soil microbial communities synergistically degrade the plant biomass.
MATERIAL AND METHODS

Sampling and DNA extraction
Bulk soil samples were collected from Caatinga biome of semiarid region of northeast Brazil (08
• 50 01.6 S/42
• 33 13.3 W; Serra da Capivara National Park, Piauí State) during the rainy season on May 2011. Sampling was authorized by the regulatory authority responsible for the protection of wildlife and protected areas (IBAMA) and had the technical and logistical support from the Brazilian Agricultural Research Corporation (Embrapa Environment, Jaguariuna, São Paulo State). Five replicates of bulk soil samples (depth 0-10 cm) were randomly collected using sterile plastic bags, mixed and subsampled for DNA isolation and further metagenomic library construction. The soil samples were kept refrigerated during transportation to the laboratory and then stored at -80 • C for further processing. Chemical characteristics of the soil are available in Kavamura et al. (2013) . Total community DNA from soil samples was extracted using Power Max Soil DNA Isolation Kit (MoBio Laboratories, USA), according to the manufacturer's protocol. DNA concentration and quality were checked by NanoDrop spectrophotometer (A260/280 ∼ 1.8) and gel electrophoresis (0.8%).
Construction of large-insert metagenomic fosmid library
The resulting DNA was used to construct a metagenomic library using the CopyControl HTP Fosmid Library Production Kit containing the pCC2FOS Vector (Epicentre R , USA), according to the manufacturer's instructions. Fosmid clones were randomly selected for insert size evaluation by NotI restriction analysis and gel electrophoresis. All colonies obtained were replicated to 96-well plates containing Luria Bertani (LB) broth supplemented with chloramphenicol (12.5 μg/mL), and cultivated at 37
• C for 18 h. The library was stored at -80 • C in 15% glycerol. A total of ∼40 000 fosmid clones (insert size range 25-40 kb) were obtained, accounting a total of ∼1.6 GB of metagenomic fragments.
Extraction of fosmid DNA pools and pooled sequencing
The entire metagenomic library (∼40 000 clones) was submitted to fosmid DNA extraction for further sequencing. For this, clones were grown overnight at 37
• C in LB broth supplemented with 12.5 μg/mL chloramphenicol and 0.05% L-arabinose (rotational shaker at 200 rpm). After cultivation, 500 μL aliquots of each clone culture were transferred to sterile 50 mL centrifuge tubes (total of 1000 clones for each pool). Optical density (OD) was normalized throughout the clone cultures in each pool. Supernatants were pelleted by centrifugation, and the DNA extraction was conducted using large construction kit (Qiagen, USA) following the manufacturer's instructions. Subsequently, fosmid DNA from clone pools (n = 40) was submitted to high-throughput sequencing using two lanes of Illumina HiSeq 2500 platforms (2 × 100 pb paired-end reads) using Nextera DNA Sample Preparation Kit, with individual barcodes.
Taxonomic and functional analyses
Raw data were trimmed using Bowtie2 alignment to exclude pCC2FOS vector sequences and genomic DNA from the host strain Escherichia coli str. K12 substr. DH10B genome (GI: 169887498) for downstream analysis. High-quality sequences were directly submitted to the MG-RAST platform (Metagenomics Analysis Server Annotation) (Meyer et al. 2008) . The taxonomic assignment of the unassembled reads was performed via BLASTP search against SEED database using the lowest common ancestor (LCA)-based algorithm (maximum e-value cutoff of 1e-5, minimum percentage of identity cutoff of 60% and minimum alignment length cutoff of 15 base pairs). A sequence was assigned to the taxon that showed the best BLASTP hit. The global functional analysis was conducted based on BLASTP of metagenomic dataset against subsystems approach of SEED database using the same cutoffs.
Metagenomic assembly and ORF prediction
Raw reads was analyzed using FastQC tool, and low-quality sequences were removed and normalized using the Normalization pipeline ('insilico read normalization.pl' with max coverage = 20) of Trinity package version 2.0.6. Normalized reads were further trimmed using Bowtie2 for removal of sequences from the host strain E. coli str. K12 substr. DH10B genome (GI: 169887498). Unaligned reads were aligned to a UniVec (NCBI) database (ftp://ftp.ncbi.nih.gov/pub/UniVec/), including pCC2FOS vector to identify and remove any segments of vector origin. Then, the remaining reads were assembled using IDBA-UD (v 1.1.1) as metagenome assembler (k-mer size of 60) and short sequences (<200 bp) were filtered out. Open reading frames (ORFs) were predicted from the assembled contigs using FragGeneScan (Rho, Tang and Ye 2010) , which combines sequencing error models and codon usages in a hidden Markov model (HMM). Contigs were also subjected to taxonomic and functional assignment by MG-RAST annotation as used with reads (see Fig. S1 , Supporting Information, for workflow details).
Analyses of fosmid inserts containing carbohydrate and lignin degradation genes
The ORFs were predicted from contigs, and sequences coding for CAZymes were detected by automated annotation using db-CAN (http://csbl.bmb.uga.edu/dbCAN/), according to the CAZy database (www.cazy.org). Genes were assigned into their respective CAZy families with default parameters (cutoff value < 1e-5). Through the workbench tool from MG-RAST server, subsets of ORFs annotated at the genus taxonomic level were generated to evaluate their digestive capacity of plant polysaccharides degradation in Caatinga soil by assignment against CAZy database. Functional pattern comparison was also performed against publicly available datasets for lignocellulose-degrading (farm soil, soil-containing sugarcane bagasse, termite gut and snail cropassociated microbiota) and non-lignocellulose-degrading environments (human distal gut). All public datasets were reanalyzed with the same pipeline used with the Caatinga soil dataset to avoid a potential bias from different analytic strategies (analyses are summarized in Table S1 , Supporting Information). Results were presented as positive hit counts and were normalized by the total number of GHs and the recently added auxiliary activities (AAs) families mapped in each particular metagenome. To evaluate the relevant differences of functional profile among these metagenome samples, statistical analyses were performed using the STAMP package version 2.1.3 (Parks and Beiko 2010) . Differences in proportions (95% confidence intervals) and correlation coefficients (R 2 ) of GH content profile of the Caatinga soil and other microbiomes were calculated according to the Newcombe-Wilson method. Hierarchical clustering was performed using the UPGMA algorithm with dendrogram clustering threshold to 0.9.
Accurate lignin degradation genes annotation
To obtain a better annotation of enzymes involved in lignin degradation, predicted ORFs from all contigs were also compared against LccED (http://www.lcced.uni-stuttgart.de) (Sirim et al. 2011) . This database was used because it contains detailed curated entries for known or predicted genes involved in ligninmodifying processes. For this purpose, two approaches (profile HMM and sequenced based) were used for the assignment of homolog sequences: (i) Blast searches against the LccED and (ii) generation of profile HMM from specific families of LccED to find homolog patterns on predicted ORFs. For this, sequences from each LccED family group were aligned using Clustal-Omega (version 1.2.1) in Stockholm format output. This multiple alignment file (aligned-FASTA format) was used as input for building HMM profiles using HMMER version 3.1b2 (http://hmmer.janelia.org/) with the default alignment parameter values. This analysis aimed to compare both programs to determine their relative performance in showing the bias toward the newly added AA1 family (laccases and MCOs) of the CAZy database (http://www.cazy.org/AA1.html), which is composed mostly of fungal sequences (AA1-Bacteria: 91 genes/Eukaryota: 2 397 genes). False positives were detected manually via BLASTP comparison against non-redundant protein (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) and LceED database and CD-Search (http://www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi). Matches with e-values lower than 1e-5 and without copper-binding domains were considered false positives. The phylogenetic affiliation of lignin-modifying genes was performed using MEGAN (Huson et al. 2007 ).
Accession numbers
The raw and assembled data determined in this study were deposited at MG-RAST server as part of project Caatinga Metagenomic Library under the accession numbers 4654969.3 and 4668468.3, respectively. Reads of each pool are also available separately in this project.
RESULTS AND DISCUSSION
Fosmid library of Caatinga soil metagenome and Illumina sequencing
Around 40 000 fosmid clones (insert size ∼25-40 kb) were obtained, accounting a total of ∼1.6 GB of metagenomic fragments. Polymorphic patterns of enzymatic restriction showed that individual clones corresponded to distinct insert events and validated the further use of the library. The fosmid clones a Sequences of vector and host genome were removed before MG-RAST submission and contig assembly. b Predicted protein coding regions were annotated using at least one of the protein databases (M5NR) in MG-RAST server.
-not applicable. were sequenced as pools (40 pools of 1 000 clones) with individual barcodes. Approximately 152.6 million (about 15 Gb) of high-quality reads were obtained after trimming of pCC2FOS vector sequences and host genome (see Table S2 , Supporting Information), with average length of 100 bp (Table 1) . Using similar sequencing of pooled clones, Lam et al. (2014) demonstrated that this strategy is capable of retrieving the expected sequences from sets of metagenomic clones. Obtaining DNA sequence from individual clones and identifying the gene(s) responsible for the function(s) of interest is a crucial step in functional metagenomic studies (Xing, Zhang and Huang 2012) . Thus, the sequencing strategy of pooled clones coupled to labeling with DNA barcodes allows in silico screening of genes of interest for further PCR-based detection of positive fosmids and subsequent cloning and heterologous expression of proteins.
Assembly and prediction of genes (ORFs)
In an attempt to avoid redundancies and to assess complete genes (ORFs), metagenome sequence assembly was performed. A total of 395 428 contigs were generated by IDBA-ud assembly (see Methods for more details) with an average length of 3725 bp (Table 2) . A high number of reads could be assembled in contigs ≥200 bp ≤20 kb (35 283 contigs), and 13 947 contigs ≥20 kb, with the largest contig of 47.1 Kb (Table 2) , which were used for gene prediction. In total, 837 146 ORFs were predicted from all contigs (longer than 200 bp), including partial and full-length genes (containing start codon and a universal stop codon). Contigs annotation by the MG-RAST pipeline allowed the identification of 532 280 protein features (63.6% of predicted proteins), including 1 511 rRNA genes, which corresponded to 0.18% of the total sequences obtained (see Table 1 for the full information on metagenomic annotation).
Taxonomic and functional assignment of Caatinga soil metagenomic library
To fully explore the phylogenetic diversity in the large-insert metagenomic library derived from the semiarid soil of Caatinga biome, the taxonomic and functional classification of reads were performed before assembly (see workflow- Fig. S1 ). According to the LCA-based algorithm, a complex microbial diversity was recovered in the metagenomic fosmid library, dominated by bacteria (97.8%) and a small proportion of archaea (0.5%). The remaining sequences comprised virus traits and unidentified sequences. The five dominant bacterial taxonomic groups in the fosmid library dataset were Proteobacteria (55.4% of all reads), Actinobacteria (26.1%) and Bacteroidetes (4.8%), followed by the less abundant phyla Acidobacteria and Firmicutes (Fig. 1) . The prevalence of Proteobacteria and Actinobacteria phyla in the fosmid library of Caatinga soil is supported by previous studies based on 16S rRNA gene amplicons sequencing obtained for this environment during the rainy season (Kavamura et al. 2013) . The most abundant families were affiliated to Proteobacteria, Actinobacteria, Acidobacteria, Planctomycetes and Bacteroidetes (Fig. S3 , Supporting Information). Bradyrhizobiaceae was the most represented bacterial family in the fosmid library, accounting for 31% of Proteobacteria sequences. Members of this family are described as plant-associated bacteria, important in nitrogen fixation and organic material degradation, together with the families Burkholderiaceae and Rhizobiaceae (Chen et al. 2003; Suárez-Moreno et al. 2012) . The family Sphingomonadaceae is known by the great ability for aromatic compound degradation, contributing to the degradation of lignin-derived aromatic compounds in soil (Stolz 2009; Fida et al. 2013) . The high abundance of bacteria tolerant to extreme conditions, such as members of Mycobacteriaceae, Nocardiaceae and Streptomycetaceae families (phylum Actinobacteria), could be explained by the stress imposed by high temperatures and UV light irradiation and long drought periods, conditions that are common to the Caatinga biome (Bouskill et al. 2013) . Actinobacteria are abundant in soil and efficient degraders of organic matter, usually active under aerobic conditions and mesophilic and thermophilic temperature range. These microorganisms play a key role in lignocellulose decomposition in soil and aquatic environments (Hollister et al. 2012) . The sequence annotation against the SEED database was performed to compare the functional profile content of the Caatinga soil metagenome with other lignocellulosic microbiomes. A total of 17 892 (33%) of the reads were classified within SEED subsystems according to biochemical pathways, cellular process or location. Most of the reads of the Caatinga soil metagenome were assigned to the subsystem related to carbohydrate metabolism (15.1%), suggesting a high diversity of carbohydrate-active genes, in addition to other major SEED subsystems as amino acid and derivatives, and protein metabolism (Fig. S2 , Supporting Information). According to SEED subsystem classification, the relative abundance of putative genes encoding enzymes related to the metabolism of aromatic compounds is significantly higher in the Caatinga soil metagenome in comparison to those in other lignocellulolytic environments (Fig. S2 , Supporting Information). Lignin and its degradation products are the largest source of aromatic compounds present in the semiarid soil of Brazilian Caatinga biome. These compounds are mainly formed from the decomposition of leaves that fall from thorny trees and shrubs during the dry season (Lima et al. 2015; Salgado et al. 2015) . This fact could explain the large number and diversity of taxonomic families containing microbial degraders of aromatic compounds in this soil (Fig. S3 , Supporting Information), which could play an important role in the lignin degradation (Bugg et al. 2011) .
Carbohydrate-related genes and biomass-degrading metabolic potential in Caatinga soil
Partial and full-length predicted genes from the metagenomic assembly (Table 1) provided enough specificity that is needed for comparison with the suitable databases and unambiguous assignment of closely related species. To obtain a more in-depth view of the lignocellulosic-degrading enzymes recovered in the metagenomic library from the Caatinga soil, all predicted ORFs (837 146) were annotated against the CAZy database using HMM profiles from dbCAN (automated carbohydrate-active enzyme annotation). These analyses resulted in 16 491 matches (30.4% of total ORFs) from 111 different GHs families in the CAZy database (Table 3) . Of these, 7275 (44.1%) coding sequences possess activity related to the degradation of lignocellulolytic substrate, including 37 different families of GHs (Table 3) . A systematic analysis of the enzymatic machinery used by microbial communities to degrade the different constituents of plant cell wall, such as cellulose, hemicellulose, pectin and lignin, was conducted for a Data are presented with the GHs grouped according to their major function roles in the degradation of plant structural polysaccharides, as classified in Allgaier et al. 2010 , Cardoso et al., 2012 and Mhuantong et al., 2015 . The numbers in parentheses represent the percentages of these groups relative to the total number of GHs identified in the metagenomics datasets. b In addition to GHs, the table shows data for expansion of the enzymatic repertoire of the CAZy database to integrate auxiliary redox enzymes (Levasseur et al., 2013) possibly involved in lignin degradation, see main text for details.
the detailed assessment of the Caating fosmid library dataset. Metagenomes from farm soil (Tringe et al. 2005) , soil-contacting sugarcane bagasse (Mhuantong et al. 2015) , snail crop-associated microbiota (Cardoso et al. 2012) , termite gut (Warnecke et al. 2007) and human gut (Gill et al. 2006) were chosen for comparison. Amongst cellulases, six families (GHs 5, 6, 7, 9, 44 and 45) were found in Caatinga soil, which jointly represented 4.7% of all GHs. However, termite gut had the highest proportion of cellulases (8.9%). GH5 was the most abundant family involved in cellulose hydrolysis found in all analyzed microbiomes (Table 3) . It encompasses a broad range of enzymes with the most common forms being exoglucanases/endoglucanases from a large spectrum of organisms (Medie et al. 2012) . Previous studies have also found a higher proportion of such enzymes in termite gut in comparison to the microbiomes of bovine rumen (Brulc et al. 2009 ) and giant panda gut (Zhu et al. 2011) .
Comparison of the GH profiles from soils and soil-contacting sugarcane bagasse with the ones from herbivores (termite gut and snail crop) and an omnivore (human gut) allowed us to observe some interesting characteristics and patterns. Cluster analysis of GH profile composition grouped the metagenomes according to their general ecosystem types (soil and digestive tract) (Fig. 2b) . The best correlations of GH profiles were observed between Caatinga soil and other soil environments (R 2 = 0.758 and R 2 = 0.668, with farm soil and soil-contacting sugarcane bagasse, respectively), which is not surprising considering the similar habitat functions, consistent with dendrogram plot (Fig. 2a) . Scatter plot illustrates that the GHs 109, 74 and 13 are present in higher proportions within the Caatinga soil microbiota than in other samples (Fig. 2a) . The principal component analysis (PCA) confirmed the results obtained from clustering and correlation analysis. Despite the similarities, PCA showed a unique functional composition compared to the other metagenomes examined (Fig. 2b) . These results supported the further analysis performed in this study. First, the analysis indicated that the Caatinga soil metagenome had the highest amount of hemicellulases (17%), with GH74 as the most predominant family, accounting for 13.5% (Table 3) . Xyloglucans (XyG) are the predominant hemicellulosic polysaccharide in the primary cell wall of most of eudicots and non-graminaceous monocots (Eckardt 2008) , what could explain the high abundance of such GH family in the Caatinga metagenome. GH74 family putative xyloglucanase was also the most abundant hemicellulase in the metagenome of farm soil and soil-contacting sugarcane bagasse, followed by xylanases (GH10), and xylogalacturonases (GH28). This observation is consistent with the similar lignocellulosic substrate types in these environments, indicating similar metabolic capabilities among these microbiomes. In contrast, xylanases (GH10) appear to be key enzymes in the hemicellulose degradation process carried out by symbiotic microbiota from the digestive tracts of animals such as termite (Nasutitermes sp.) and snail crop (Achatina fulica). The profile of oligosaccharide-degrading enzymes from the Caatinga soil metagenome (17%) was also most similar to the farm soil (14%) and soil-contacting sugarcane bagasse (16.5%), showing higher relative abundance of GH3, which include large range of β-glucosidases, N-acetylglucosaminidases (NagZs), β-xylosidases and α-arabinofuranosidases (Table 3) . GH3 enzymes remove single glycosyl residues from the non-reducing ends of carbohydrates and the side chains of hemicelluloses and pectins, converting them to small substrates. Thus, the resulting oligomers and monomers comprise an energy source for the growth of resident microbes and play a vital role in the nutrient cycling in these ecosystems (Harvey et al. 2000) . The main initially identified role of GH3 glycosidases was in biomass degradation, but other roles in pathogen defense and plant and bacterial cell wall remodeling have become apparent (Reith and Mayer 2011; Johnson, Fisher and Mobashery 2013) . Glycoside hydrolase family 109 (GH109) was the most abundant GH in Caatinga soil fosmid library, farm soil and soil contacting sugarcane bagasse ( Fig. S4 , Supporting Information). This family encompasses α-Nacetylgalactosaminidase activity enzymes (EC: 3.2.1.49) via the unusual NAD-dependent hydrolysis mechanism, although more functions and substrates may be found in this family (Henrissat 'GH109' in CAZypedia; URL: http://www.cazypedia.org, accessed April 2016). They are not directly related to plant biomass degradation; however, some members may be important in the breakdown of the resulting glycoproteins and glycolipids. In addition, we found a high abundance of GH13 (the third most abundant in the Caatings soil), which is the most abundant family in metagenomes such as the ones from snail crop and human gut (Fig. S4, Supporting Information) . This family includes a range of amylolytic enzymes attacking starch and related starch-based substrates, e.g. cyclomaltodextrin. In comparison to the other metagenomes analyzed the fraction of endohemicellulases was higher in the Caatinga soil (17.1%). With respect to cellulases, the abundance was relatively similar among the metagenomes from Caatinga soil (4.7%), soilcontacting sugarcane bagasse (4.3%) and snail crop (3.1%). These results suggest that lignocellulosic material derived from leaves fall from the dry forest could represent an essential energy source for Caatinga soil microbiome. Microbiomes from environments with high input of recalcitrant compounds, such as lignocellulosic biomass of plant cell walls, represent an important source for bioprospecting new enzymes for use in industrial processes, including the production of biofuels based on plant biomass conversion (Li et al. 2009 ). Thus, analysis performed in this study showed for the first time that a metagenomic fosmid library from this exclusively Brazilian biome can offer a wealthy source for the discovery of new enzymes with potential for producing biofuels from plant biomass conversion.
Bacterial contribution for lignocellulose-degrading genes in the Caatinga soil metagenome
In an attempt to investigate the role of specific microbes in the lignocellulose decomposition process from Caatinga soil microbiome, ORFs filtered from the bacterial genera were recorded separately from the repertoire of CAZymes. Intriguingly, despite the higher abundance of Proteobacteria in our metagenome, we found high plant biomass-degrading capacity in the bacterial genera of phyla Acidobacteria (genera Solibacter and Candidatus Koribacter) and Actinobacteria (genus Streptomyces), followed by Proteobacteria (genus Caulobacter), Verrumicrobia (genus Opitutus) and Bacteroidetes (genus Bacteroides) (Fig. 3) . Comparative genomic and ecophysiological analyses showed the metabolic potential encoded in Acidobacteria genomes to produce extracellular enzymes implicated in the degradation and utilization of complex plant-derived biopolymers such as hemicellulose, cellulose and chitin (Ward et al. 2009; Eichorst, Kuske and Schmidt 2011; Rawat et al. 2012) . Members of the phylum Acidobacteria are widely abundant and diverse in soils, but their physiology and ecological roles are poorly understood (Janssen 2006) . The scarcity of cultured representatives and genome sequences make it difficult to demonstrate the functions of these microbes in the original environments (Rawat et al. 2012) . In the dataset of this study, many of the Caatinga soil metagenome sequences assigned to the phylum Acidobacteria possibly belong to unclassified genera highly recalcitrant to cultivation (Fig. 3 ). They were phylogenetically identified (average amino acid identity of 69.52%) as soil strains that were informally given the candidate name 'Candidatus Koribacter versatilis' Ellin345, and that are closely related to Acidobacterium capsulatum strains (www.jgi.doe.gov). It has been shown that the genomes of these microbes are enriched for genes encoding plant cell-walldegrading enzymes (Ward et al. 2009 ). The low-sequence similarity values observed demonstrate the potential for the discovery of novel genes from uncultivable microbes in the Caatinga metagenome. Our results suggest an important contribution of Acidobacteria in carbon recycling process in the Caatinga semiarid soil evidenced through environmental genomics approach. The enzymatic repertoire of the 25 most abundant genera in the fosmid library of the Caatinga metagenome was also evaluated for the degradation of specific plant cell wall components (cellulose, hemicellulose and oligosaccharides). Cellulose and hemicellulose decomposition is a particularly important role in the biogeochemical cycles since these compounds are the most abundant structural components of plants. Different microbial groups displayed specific metabolic abilities, indicating a preference for specific substrates (Fig. 4) . High abundance of Caatinga soil metagenome sequences from members of the phylum Acidobacteria (Solibacter and Candidatus Koribacter genera) was assigned to CAZYmes related to degradation of hemicellulose. On the other hand, Bradyrhizobium (phylum Proteobacteria) and Mycobacterium (phylum Actinobacteria) seem to contribute in a greater proportion to starch, amylose and amylopectin (GH13) polysaccharides degradation (Fig. 4) . Actinobacteria (Acidothermus, Conexibacter, Streptomyces and Mycobacterium members) appear to play an important role in cellulose hydrolysis. Genes associated with GH5 family were the most abundant putative endocellulase-and exocellulase-encoding genes (Table 3 ) and were detected mostly in Actinobacteria members, followed by Proteobacteria, Acidobacteria, Bacteroidetes, Chloroflexi and Thermotogae (Fig. 4) . Recent studies have shown that cellulases belonging to the family GH5 are widely distributed within the bacterial domain, corroborating our findings (Medie et al. 2012) . Others GH families involved in the cellulolytic process (i.e. GH6, -9, -44 and -45) were less abundant; however, GH45 family was solely detected in genus Synechococcus, and therefore could be regarded as a highly specialized enzyme family (Fig. 4) . In silico analysis showed that the potential plant biomassdegrading bacteria from Caatinga soil harbor genes encoding different functional abilities for converting plant biomass components polymers into absorbable nutrients. These results illustrate a genetic evidence of a complex synergistic interaction of community members for degradation of recalcitrant lignocellulose material in the environment, which is corroborated by other studies (Wongwilaiwarin et al. 2010; Scarf et al. 2011; Wang et al. 2011 Wang et al. , 2013 Štursová et al. 2012; Mhuantong et al. 2015; López-Mondéjar et al. 2016) . However, the mechanism by which resident microbial communities synergistically degrade and utilize the lignocellulosic plant biomass in Caatinga soils under extreme conditions still remains poorly understood.
Lignin-degrading genes in the metagenome
Lignin, the most abundant complex aromatic component of the plant fiber wall, represents a significant part of plant litter input (∼20%) into soils (Thevenot, Dignac and Rumpel 2010) . Cellulose and hemicellulose are closely associated with lignin in higher plant matrix by covalent crosslink, limiting the enzymatic accessibility of each constituent for the biomass conversion process. Thus, the simultaneous identification of carbohydrate and lignin-degrading enzymes is required to describe the full enzymatic machinery necessary for total plant cell wall deconstruction into fermentable sugars for generating biofuels or other chemical products (Eggeman and Elander 2005; Naik et al. 2010) . In addition to a variety of GHs that degrade cellulose and hemicellulose, a moderate proportion of ORFs (4.5%) mapped to a recently defined CAZy family of lignin-degrading enzymes known as AAs was observed (Table 3) . AAs accommodate eight families of redox-active enzymes involved in lignin breakdown and three families of lytic polysaccharide monooxygenases, metalloenzymes that oxidize the glycosidic bonds in cellulose, hemicellulose and chitin (Levasseur et al. 2013) . The majority of auxiliary enzymes (AAs) found in the fosmid library of the Caatinga soil were glucose-methanol-choline (GMC) oxidoreductases (AA3) and gluco-oligosaccharide oxidases belonging to AA7 family (Table 3) . Known AA7 enzymes are potentially involved in the biotransformation or detoxification of lignocellulosic compounds (Van Hellemond et al. 2006) . Intriguingly, all analyzed microbiomes showed a high abundance of AA8 family (iron reductase enzymes), except for the Caatinga soil metagenome (Table 3 ). AA8 could be responsible for the non-enzymatic cellulose chain breakage and its low abundance in Caatinga soils has not been reported so far. Laccases (EC: 1.10.3.2), ferroxidases (EC: 1.10.3.-) and laccaselike multicopper oxidases (LMCOs) (EC: 1.10.3.-) all belong to AA1 family of auxiliary enzymes and catalyze the oxidation of a variety of phenolic and non-phenolic substances including biopolymers such as lignin . Bioinformatic analyses have showed that these enzymes are widely distributed in published bacterial genome and metagenome datasets. However, a limited number of them were identified in the Caatinga soil metagenome (Table 3 ). This could be explained by a strong bias toward the newly added AA families of CAZymes (http://www.cazy.org/AA1.html), which are composed mostly by fungal sequences (AA1-Bacteria: 91 genes/Eukaryota: 2 397 genes) (Levasseur et al. 2013) . Considering that soil and other environments are naturally enriched by members of Bacteria domain, the number of matches within the AAs could be underestimated. Thus, for a better coverage of the full extent of bacterial lignin-degrading enzymes in the Caatinga soil metagenome, predicted ORFs were also compared against the comprehensive LccED, using family-specific HMM profiles and BLAST tool. LccED was designed for a systematic sequencebased classification and analysis of the diverse MCOs from all domains of life (Sirim et al. 2011) . First, 1616 positive hits were found using BLAST compared to 890 positive hits using HM-MER searches. To improve consistency and annotation quality, false positives were manually checked via BLASTP against LccED and search for cupredoxin conserved domains ( and without copper-binding domains were removed from the analysis. Despite a high number of false-positive hits (49.5%) using BLAST (Fig. S5a, Supporting Information) , 311 matches were unique by this method in comparison with 185 by HMM searches (Fig. 5b) . In contrast, HMM-based approach provided high accuracy in detecting conserved domains (24.1% of false positives) when compared to BLAST searches (Fig. S5a , Supporting Information). Profile HMM approach is mainly used for Figure 6 . Phylogenetic affiliation of laccase and MCO-encoding genes at phylum (A) and genus (B) levels by the LCA algorithm using MEGAN (Huson et al. 2007). protein sequence homology detection. They build a profile from the query sequences and search for homologous templates of known structure. It has been shown to be significantly more sensitive and able to detect conserved remote homologs (because of the strength of its probability models) in a protein sequences (Park et al. 1998; Finn et al. 2011) . In this study, HHMs profiles were built from specific MCOs families alignments from LccED that shared high homology and similar architecture of cupredoxin domains. These homologous structures contain more information about the sequence family than a single sequence and may remain structurally very similar long after their sequence similarity has decreased (Kinch and Grishin 2002) . This could probably explain the better accuracy to detect homology among MCOs and LMCOs by HMMER when compared to pairwise sequence comparison methods alignment such BLAST. Figure 5a shows the distribution of all sequences into different laccases and MCOs superfamilies proteins. As expected, the majority of putative laccase and LMCOs genes was distributed in bacterial type B MCOs, bacterial bilirubin oxidases and bacterial MCOs superfamilies, with few representatives of fungal families (Fig. 5a ). Previous studies have also shown bacterial ligninmodifying potential using PCR-based efforts targeting bacterial LMCOs genes in forest, grassland Cambisol soils and drained peat soils (Kellner et al. 2008; . Only eight and six ORFs were assigned to Basidiomycete laccase superfamily using BLAST and HMMER searches, respectively. This family contains exclusively fungal proteins, 91% are from basidiomycetes and 9% from ascomycetes, which contain the similar protein pattern (Sirim et al. 2011) . The systematic classification based on conserved sequence-structure-function relationships of large protein families can provide a guiding tool for specific biotechnological applications.
Finally, taxonomic affiliation of MCOs sequences was determined according to their origin by the LCA-based algorithm. As expected, the majority of ORFs was assigned to the bacterial domain. The distribution profile of bacterial laccase and MCOs genes showed that Proteobacteria and Actinobacteria are the dominant phyla carrying these genes in the Caatinga soil metagenome (Fig. 6a) . Similar distribution of dominant bacterial LMCOs-encoding communities was also found for agricultural waste composting (Lu et al. 2015) , and it has been argued that the role of bacterial breakdown of lignin could be more significant than previously thought (Bugg et al. 2011; Brown and Chang 2014) . There is a range of soil bacteria and aromaticdegrading bacteria from the digestive tract of herbivores that are able to depolymerize lignin. These lignin-degrading bacteria have been showed to belong to three classes: Actinomycetes, α-Proteobacteria and γ -Proteobacteria (Bugg et al. 2011) . MCOsencoding communities of Caatinga soil were most notably composed by aerobic organisms related to Conexibacter spp. (8.1%) followed by Sorangium spp. (7.5%) by BLAST and Sorangium spp. (10.9%) followed by Conexibacter spp. (7.8%) by HMM-based search (Fig. 6b) . Other putative lignin-degrading members of the Bacteria domain were also represented in the Caatinga soil metagenome in lower abundance such as Bradyrhizobium, Bacillus, Pseudomonas, Frankia, Geobacter and Clostridium.
CONCLUSIONS
Microbial plant biomass decomposition is an important part of the carbon cycle in terrestrial ecosystems as well as a potential source of biochemical catalysts for lignocellulose conversion into biofuels from renewable resources. With the rapid development of high-throughput sequencing methods and bioinformatics tools, metagenomic approaches have contributed significantly to the development of novel biocatalysts from natural environments. This work is an important step toward the investigation of the soil microbiome from the Caatinga biome, occurring exclusively in Brazil. The in silico detailed analysis of the enzymatic repertoire involved in the degradation of recalcitrant lignocellulosic material (cellulose, hemicellulose, oligosaccharides and lignin) revealed, for the first time, the genetic potential for mining novel lignocellulose-degrading enzymes from a metagenomic library of Caatinga soil as well as the biodegradative capacity of the individual members of the soil microbiome. The diverse repertoire of CAZyme genes was distributed within different bacterial groups, corroborating previous findings on the potential of the microbial community members to act synergistically in the plant biomass deconstruction. Interestingly, the high abundance of GH sequences assigned to members of the phylum Acidobacteria recalcitrant to in vitro cultivation techniques (e.g. Solibacter and Candidatus Koribacter genera) demonstrate the potential for the discovery of novel genes from so far unculturable microbes by functional-driven metagenomics. The combined results gathered in this study demonstrated that the Caatinga soil ecosystem represents a promising reservoir for mining novel lignocellulolytic enzymes derived from an extreme environment for biofuel industry or other environmental applications.
